p53 is a fundamental determinant of cancer susceptibility and other age-related pathologies. Similar to mammalian counterparts, Drosophila p53 integrates stress signals and elicits apoptotic responses that maintain genomic stability. To illuminate core-adaptive functions controlled by this gene family, we examined the Drosophila p53 regulatory network at a genomic scale. In development, the absence of p53 impacted constitutive expression for a surprisingly broad scope of genes. By contrast, stimulusdependent responses governed by Drosophila p53 were limited in scope. The vast majority of stress responders were induced and p53 dependent (RIPD) genes. The signature set of 29 'high stringency' RIPD genes identified here were enriched for intronless loci, with a non-uniform distribution that includes a recently evolved cluster unique to Drosophila melanogaster. Two RIPD genes, with known and unknown biochemical activities, were functionally examined. One RIPD gene, designated XRP1, maintains genome stability after genotoxic challenge and prevents cell proliferation upon induced expression. A second gene, RnrL, is an apoptogenic effector required for caspase activation in a model of p53-dependent killing. Together, these studies identify ancient and convergent features of the p53 regulatory network.
Introduction
p53 is a critical tumor suppressor gene found mutated or altered in most human cancers (reviewed in Sharpless and DePinho, 2002) . Members of the p53 family are encoded in the genomes of flies and worms and, like their mammalian counterparts, these invertebrate homologs also limit cell growth in response to genotoxic stress and promote cell death in numerous pathologic models (Vousden and Prives, 2005) . A central focus of p53 research seeks to understand how this protein family integrates pathologic stimuli and functions to specify adaptive (or maladaptive) cellular responses. In mammals, p53 restrains cell growth by halting proliferation and/or inducing apoptosis but, in Drosophila and in Caenorhabditis elegans, the p53 ortholog influences apoptosis without exerting significant effects upon cell cycle progression (reviewed in Lu and Abrams, 2006) .
A primary mode of p53 action operates to regulate target genes at the level of transcription and, hence, a compelling focus of cancer research is driven by efforts to understand the downstream targets of p53 (reviewed in Lu and Abrams (2006) ; and see Supplementary Table  S5 ). In many cases, regulated expression of downstream genes is context-specific and whether there exists a 'generic' p53program that drives apoptosis in all cells is not known. Many genome-wide searches for p53-responsive genes have also been reported, but the extent to which these experiments clarify authentic targets is not clear as most have examined dominant consequences of ectopic overexpression in (1) otherwise unstressed contexts and/or (2) 'transformed' cells in culture. Therefore, interpretations derived from these studies must consider implications associated with 'offtarget' effects.
Studies in Drosophila illuminated several inhibitor of apoptosis proteins antagonists, reaper (rpr), sickle (skl) and head involution defective (hid), as important targets of p53 action in vivo (Lee et al., 2003b; Sogame et al., 2003; Brodsky et al., 2004) . These findings and a recently implicated link to the Hippo pathway (Colombani et al., 2006) have relevance to human cancers as genes with similar activities are also p53 targets in mammals (Jin et al., 2003) . Hence, in both systems, p53 can link damage signals to apoptosis by engaging proteins that de-repress caspase activity. To initiate a more complete picture of ancestral functions governed by p53, we profiled expression as a function of p53 status in the Drosophila model. Our rationale involved comparative analyses of radiation-responsive genes in wild-type and p53 mutants together with computed determinations of p53-binding sites and functional assays in cultured cells and in the animal. In contrast to studies that rely upon forced p53 expression, here we apply array technologies to a context where p53 function has been genetically removed. Therefore, an important strength of our approach derives from a focus on stimulus-dependent responses in a loss-of-p53 background.
Results
Expression profiles for Dp53-dependent apoptosis during genotoxic stress Within 90 min of radiation exposure, extensive p53-dependent apoptosis is observed in embryonic and postembryonic tissues (Nordstrom et al., 1996; Sogame et al., 2003 ) (see Figure 1d ), but initiation and exit from cell cycle arrest was p53-independent ( Figure 1e ). To profile p53-dependent expression changes associated with this apoptogenic response, we compared unchallenged to radiation-induced profiles as a function of genotype. The vast majority of genes were unaffected by ionizing radiation (IR) and, regardless of genotype, the changes caused by this damaging stimulus were narrow in scope.
In wild-type animals, radiation-induced genes were the predominant class of responders ( Figure 1 ). Several criteria were used to validate these data, including (1) northern hybridizations and/or reverse transcriptionpolymerase chain reaction (RT-PCR) (see Figures 1c and Supplementary Figure S3) ; (2) affirmation of expected radiation-induced p53-dependent behavior (Table 1 and Figures 1c and 3 ) congruence of radiation-responsive profiles with other studies (see Figure 2 ; Lee et al., 2003a; Brodsky et al., 2004) . Within the induced collection, the overwhelming majority (91%) was clearly dependent upon p53, and failed to show an inductive response in the Dp53
Àns strain. We note here a core group of 29 radiation-induced p53-dependent genes ( Figure 1a , detailed in Table 1 ). Designated as the high stringency radiation-induced p53 dependent (RIPD) gene set, this collection represents probes that were consistently upregulated in all three wild-type samples but were unresponsive in p53 mutant samples (Table 1) . This compilation represents a highly stereotyped and wellvalidated Dp53-dependent response to IR stress. We also examined IR responses in the absence of functional p53. These analyses suggested that, without p53, genotoxic stress provokes uncoordinated, chaotic changes that were distinct in each trial (see Supplementary material).
The geography of stress-induced, Dp53-dependent responses We considered the possibility that p53 might govern expression behavior through 'genomic territories'. To examine whether 'genomic territories' might inform our analyses of IR responses, we mapped all IR-responsive loci and annotated these for p53-dependent behavior. As schematized in Figure 2a , the response pattern is widely spread throughout the genome. However, the distribution is clearly not uniform and not correlated with overall gene density, indicating that some radiation-responsive territories controlled by p53 may exist (see Supplementary Table S3 and Supplementary material).
We also pursued computational searches for p53-binding sites using empirical knowledge derived from a bona fide Dp53 cis-regulatory element (Brodsky et al., 2000; Sogame et al., 2003) together with a high stringency consensus search pattern (see Materials and methods). A total of 21 binding sites were computed in the Drosophila melanogaster genome. These were mapped ( Figure 2a ) and interrogated at the corresponding syntenic location in the Drosophila psueodoobscura genome (see Materials and methods, and Supplementary material).
To examine the possibility that p53 might influence constitutive gene expression through genomic territories, we also plotted the position of all probes that were constitutively affected by the absence of p53 (Supplementary Figure S4 and Supplementary Table  S4 ). In comparisons of unchallenged Dp53
Àns and wildtype profiles, over 880 genes were consistently altered (expression changes X1.6-fold in either direction), implicating a role for p53 as a regulator, directly or indirectly, of constitutive gene expression. This finding illuminates a profoundly broad impact of p53 unrelated to an exogenous stress stimulus. In stark contrast to our analysis of stimulus-dependent profiles, these constitutive profiles were not distributed in a manner overtly distinct from gene density patterns ( Figure S4 and Supplementary Table S3 ). We also discovered here a novel form of regulation, where the absence of p53 clearly impacted both stimulus-dependent and basal expression levels. Four genes representing a subset of the high stringency RIPD collection, mus210, CG12171, CG11897 and CG1718, failed to respond after irradiation and, uniformly, had basal levels that were elevated in p53 À animals (Supplementary Table S4) .
A recently evolved Dp53-dependent cluster We discovered that one p53-dependent IR-responsive cluster contains a duplication arranged in a head-to-tail orientation ( Figure 2b ). We validated this genomic organization through diagnostic genomic PCR and RT-PCR reactions (see Figure 2b and Supplementary Figure S3b ). In addition, where possible, we confirmed IR expression data, as indicated, with unique probes (see Figure 1c , Supplementary Figure S3a ). The outcome of these analyses, schematized in Figure 2b , shows that the syntenic regions of three related species (D. pseudoobscura, D. virilus and D. ananassae) exist as single copy unique sequence, indicating that the duplication in D. melanogaster occurred more recently than the common ancestor of these species (see Figure 2b and Supplementary material). Hence, this p53-dependent gene cluster probably evolved via rearrangement/duplication events that linked otherwise distant RIPD genes and, at the same time, produced a new chimeric gene.
Functional tests in a cell culture model As the RIPD genes listed in Table 1 are candidate effectors of p53, we selected two members of this collection, with known and unknown biochemical activities, for functional studies. Toward this end, we developed a cell-based model to evaluate these as mediators of adaptive radio-responses. When Kc167 cells (Echalier and Ohanessian, 1970) are pretreated with ecdysone, we found that they become highly sensitized to IR and, within 6 h of IR challenge, robust caspase activation can be detected in the form of elevated DEVDase activity ( Figure 3a) . A p53 pathway links IR stress to caspase activation in this system as RNAi mediated silencing of Dp53 attenuates induction of DEVDase after exposure (Figure 3b and f). Likewise, Drosophila chk2, a regulator of Dp53 (Peters et al., 2002; Brodsky et al., 2004) , and the apical caspase Dronc (Dorstyn et al., 1999; Chew et al., 2004; Daish et al., 2004) are also required here for apoptosis as dsRNAs targeting each of these genes similarly prevented induction of caspase activity (Figure 3b and f). Silencing of two other RIPD genes, mre11 (Figure 3d and f) and the translation factor, eIF6 (not shown), had no effect 1.6-2.0 Damaged DNA binding, nucleotide-excision repair + Abbreviation: RIPD, radiation-induced p53-dependent. Genes listed here were consistently IR-responsive in wild-type strains and did not respond in the Dp53 Àns strain. Stimulus-dependent regulation of this set forms a coherent, p53-dependent response in Drosophila. Fifteen of these genes have unambiguous human orthologs as determined by 'reciprocal best hit' and many others share conserved domains. Note that putative human orthology (far right column) is based on sequence homology; Rpr, Skl and Hid are considered functional orthologs to Smac/Diablo and Omi/ HtrA2 Martins et al., 2002; Verhagen et al., 2002; Wu et al., 2000) . Putative function and Gene Ontology terms were derived from FlyBase, AmiGO, NetAffx and LocusLink databases. p53 status also impacts basal expression of four genes (denoted by b ) as described in the Results section. (Figure 2a and Supplementary Table S4.) a Determined by reciprocal 'best fit '. b Basal levels elevated in p53 mutants. Figure 1 Genome wide profiling identifies p53-dependent and p53-independent radiation-responsive genes. Unbiased hierarchical clustering of all probes that were IR responsive in any two of the three wild-type (wt) samples resolves to clusters consistent with genotypes indicated by the dendrograms in panels a and b. Genes showing detectable changes induced by IR when compared to the 'paired' unchallenged control sample (c) were grouped as p53-dependent (a) or not strictly p53-dependent (b). All genes with differences at least 1.6-fold are shown (green; up, red; down, black; no change). (c) Inductive responses were confirmed by Northern blot hybridizations with sequence-specific probes for a subset of induced genes indicated. Hybridization for rp49, a non-responsive gene on all array profiles (probe no. 143250_at), serves as a loading control. All genes (total is 104) that respond to IR in at least two of the three wt contexts are represented as either red (induced expression) or green (suppressed expression). Of these, a total of 96, indicated by blue triangles, fail to respond to IR in the Dp53
Àns mutant. These include the high-stringency RIPD genes, which are denoted here with an asterisk. Computed Dp53-binding sites predicted by high-stringency searches patterned after the Dp53-binding site near rpr (see Materials and methods) are also shown. These 20 computed sites are denoted by the X symbol, colored in grey if the site was found only in the D. melanogaster genome, or with a blue X, if the site is conserved and comparably positioned relative to orthologous genes in D. pseudoobscura. Nine clusters of IR-responsive, p53-dependent genes are indicated with black brackets. These represent regions where at least two responsive loci exist within a span of 40 kb or less, a distance similar to the span between rpr and skl. A similar map of genes constitutively affected by p53 status is available in Supplementary Figure S4 . Note that distances in megabases (MB) are denoted for each chromosome. (b) Schematized view of a recently evolved p53-dependent gene cluster mapping to scaffold AE003634 on 2L. The cluster spans an B8 kb interval containing a head-to-tail tandem duplication with positions of regulated ( þ ), unregulated (À) and inconclusive regulation ( þ /À) genes (boxes) and transcription start sites (arrows) indicated. The extent of duplicated DNA is illustrated (black triangles) and the relative positions of six nucleotide polymorphisms that distinguish each block of nearly identical sequence are indicated (e.g., 1 and 1 0 ). The nucleotide sequence of CG18789 and CG18787 are nearly identical but variation within glutamine-rich regions (indicated as Q and Q 0 ) confers distinct C termini, with a stop codon occurring earlier within the CG18787 ORF (denoted with an asterisk) (see the text and Supplementary material for details).
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F Akdemir et al upon DEVDase activation. In contrast, when the large subunit of ribonucleotide reductase (RnrL) was silenced, the pro-apoptotic effects of radiation were reversed, with reductions in DEVDase activity comparable to p53, chk2, and dronc dsRNAs (Figure 3b, c and f) . RnrL, a high-stringency RIPD gene, encodes one of two subunits that compose the ribonucleotide reductase enzyme. To test whether the effect of RnrL dsRNAs was mediated through reduction of corresponding enzymatic activity, we similarly tested the consequences of silencing the alternate subunit of this enzyme, ribonucleotide reductase small subunit (RnrS). Figure 3e illustrates that silencing of RnrS also caused pronounced inhibition of DEVDase activity compared to controls (Figure 3e and f). Ribonucleotide reductase is involved in DNA replication and the effect of RnrL and RnrS dsRNA treatment could relate to secondary consequences of the S phase-associated inhibition. However, this possibility is highly unlikely, since previously shown (Courgeon, 1972) ecdysone treatment completely arrests proliferation of 
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Kc167 cells at least one full day before IR challenge (N Sogame and JM Abrams unpublished). Together, these results establish a requirement for ribonucleotide reductase during radiation-induced caspase activation specified by Dp53.
Genomic stability and cytostatic effects of Xrp1
In a second series of functional studies, we examined a previously undescribed locus, designated here Xrp1 (CG17836). This gene encodes an AT-hook member of the HMG-motif class of proteins and is the most robustly responsive locus among the high-stringency RIPD gene set. Xrp1 is well conserved in the Drosophila genus (Supplementary Figure S5) but clear orthologs were not found in other genera. The broadly conserved AT-hook motif found in XRP1 is shared among numerous nuclear proteins with DNA-binding activities.
To determine whether induction of XRP1 by IR occurred at the transcriptional or post-transcriptional level, we tested the behavior of a P-element strain, P1569 (P{PZ}l(3)02515 02515 ), after IR challenge. P1569 is a LacZ containing 'enhancer-detector' transposon inserted into third intron of the XRP1 locus. As seen in Figure 4b , widespread induction of the LacZ reporter is seen after IR but unexposed siblings exhibit only marginal expression localized near the pharynx. Hence, regulation at the Xrp1 locus in response to genotoxic stress occurs via transcriptional mechanisms. To characterize further this gene, we took advantage of existing strains to produce a synthetic deletion at this locus. Figure 4a illustrates how individuals transheterozygous for two deletions, Df(3R)Exel6181 and Df(3R)Exel6182, were combined to produce a single gene mutation at Xrp1. Like Dp53 mutants, animals mutated for Xrp1 were viable and fertile. To evaluate whether Xrp1 might function to maintain genomic stability, we tested Xrp1 mutants using a loss-of-heterozygosity (LOH) assay that uses a recessive phenotype, multiple wing hair (mwh), to score genomic instability in somatic tissues. In effect, this test serves as an in vivo indicator of LOH in the context of genotoxic stress (Sogame et al., 2003) . Animals lacking Xrp1 exhibit significantly higher rates of LOH when compared to wild-type and heterozygous controls after IR (Figure 4c) . Furthermore, as illustrated in Figure 4c , two exposure regimens were tested and, at both IR doses, considerable mutator phenotypes were found in Xrp1 À animals. To assess the potential role of Xrp1 in radiation-induced apoptosis, we examined larval wing discs after IR exposure using acridine orange (AO) staining (Sogame et al., 2003; Brodsky et al., 2004) . The Xrp1 À genotype did not alter this damage-induced apoptotic response and, likewise, the effects of Xrp1 silencing in cultured cells (as in Figure 3) were similarly negative, although the gene was responsive to radiation in this model as well (not shown). Together these experiments suggest that Xrp1 functions to preserve genomic stability through activities that are distinct from apoptosis.
To extend these studies, the effects of conditional Xrp1 expression were examined in cultured cells. Three independent measures showed that induction of Xrp1 prevents cell proliferation (Figure 4d ). First, induction of Xrp1 correlates with decreased incipient colony formation, indicated here by fewer doublets or triplets of cells (Figure 4g ). Second, in direct counting assays, cells induced for Xrp1 were about threefold less abundant relative to controls (Figure 4e ). Third, fluorescence-activated cell sorter (FACS) analyses corroborated this effect, with a similar reduction in green fluorescent protein (GFP þ ) cells (compare 30-12%) (Figure 4f ). Similar inhibitory effects were observed in Kc167 cells stably transfected with Xrp1 (not shown). At the same time, no evidence for elevated levels of cell death was seen in these studies. Therefore, Xrp1 was not necessary for radiation-induced cell cycle arrest (Figure 4h ) but was sufficient to suppress proliferation if induced.
Discussion
The signature profile uncovered here, in the form of 29 high-stringency RIPD genes, represents a genome scale sampling of expression changes instigated by IR stress and propagated by p53. Virtually, all consistent changes Figure 4 Xrp1 promotes genomic stability and prevents cell proliferation when induced. (a) Schematized genomic structure of the Xrp1 locus (CG17836). Displayed are relevant P-element strains and deletions (dashed lines) used to produce a synthetic mutation at Xrp1. The P-element, P(XP)d06938, was used to derive deletion strains Df(3R)Exel6181 and Df(3R)Exel6182. Lack of Xrp1 expression in animals transheterozygous for Df(3R) Exel6181/Df(3R) Exel6182 was validated by RT-PCR (see Materials and methods). (b) Stress induction of Xrp1 occurs by transcription. P1569 (P{PZ}l(3)02515 02515 ) is an 'enhancer trap' strain inserted at Xrp1, which detects IRresponsive activity. Shown here are P1569 embryos stained for LacZ 90 0 after challenge by IR (40 Gy) as in Figure 1 (irradiated) or no IR (control) (see Nordstrom et al., (1996) and Brodsky et al. (2000) for related experiments). (c) Increased LOH rates in Xrp1 mutants after exposure to IR. LOH, a measure for mutant load in somatic cells, is assessed by scoring the mwh phenotype in flies wt or mutant for Xrp1 and heterozygous for mwh Table S4 ). As p53 function is dispensable for development but essential for numerous stress responses throughout the animal kingdom, the scope of impact at the level of constitutive expression is unexpected (B880 genes affected) and, surprisingly, dwarfs the stimulus-dependent changes regulated by p53. To our knowledge, these observations are the first to document that genetic deficiencies in a p53 gene profoundly influence developmental expression profiles, revealing broad effects exerted by p53 that were clearly not instigated by an exogenous stress. Genes constitutively affected by p53 (Supplementary Table S4 ) deserve continued attention, because they may highlight unappreciated pathways relevant to cancer , age-related pathologies (Bae et al., 2005) and life span (Bauer et al., 2005 ). An intriguing subset of these was simultaneously affected by p53 status in both stress responsive and developmental contexts (Table 1 and Supplementary Table S4) .
RnrL is an intriguing member of the RIPD collection as the same enzyme is also a p53 target in mammals. However, in this instance, the object of regulation is the gene encoding the small catalytic subunit rather than the large regulatory subunit (Nakano et al., 2000; Tanaka et al., 2000) . Hence, ribonucleotide reductase could represent an adaptive example of convergent evolution within the p53 regulatory network. Consistent with this possibility, silencing either subunit of this enzyme prevented p53-dependent caspase activation in fly cells, highlighting a function for ribonucleotide reductase as an apoptotic effector of Drosophila p53.
Xrp1, a second member of the RIPD gene collection encodes a protein with unknown activity and appears distantly related to a ultraviolet-radiation resistance associated mRNA described in the mouse (locus BC034176). Consistent with a potential role as a p53 effector, animals lacking Xrp1 exhibit a stress conditional mutator phenotype similar to Dp53 mutants. Although the precise mechanism by which this protein preserves genomic stability is not yet known, it seems likely that Xrp1 acts in p53 response pathways unrelated to cell death, given the absence of apoptotic phenotypes in Xrp1 À cells. Although Xrp1 was not required for IR-induced arrest, the protein was sufficient to inhibit proliferation in S2 cells (Figure 4 ) and Kc cells (not shown) suggesting a possible explanation for the maintenance of genomic stability by this gene.
We also identified other GO 'process' categories that were preferentially represented in the RIPD gene collection. On the basis of these criteria, we found that RIPD genes were highly enriched (11-50-fold) for the 'process' categories of cell death, DNA replication/repair and small molecule transporters (Table 1) . Transcriptional regulators (escl, CG6272, CG17836) are also prominently represented as are genes related to anti-oxidant and/or oxidoreductase activities (Gst5, spook, CG12171). We applied a similar rationale to search for structural features that might be enriched among high stringency RIPD collection and found that over 27% of these are intronless (compared to a genome wide incidence of 17.9% for all intronless genes; Blanchette et al., 2004; Sakharkar and Kangueane, 2004) . Therefore, gene structures that lack introns may confer adaptive value to the p53 regulatory network.
Materials and methods
Caspase activity assays and LacZ staining After 6 h g-irradiation treatment, cell extracts were collected as described in Kauppila et al. (2003) and Chen et al. (2004) . Five micrograms of a protein extract was incubated with 10 mM Ac-DEVD-AFC (Calbiochem, La Jolla, CA, USA) substrate in a final volume of 100 ml in a 96-well microtiter plate. Fluorescence was monitored over time with excitation at 360 nm and emission at 465 nm in a Spectra Fluor Plus plate reader (Tecan, Durham, NC, USA). Preparation of embryos, irradiation challenge and staining for LacZ was conducted as in Nordstrom et al. (1996) .
For microarray procedures, computational analyses, primer sequences and other methods, see a Supplementary material.
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